We report a versatile electron diffraction strain measurement technique and its application to strain in shallow trench isolation ͑STI͒ device structures. Using a nanometer-sized probe formed by convergent-beam electrons in a field-emission transmission electron microscope, electron diffraction patterns were recorded with high spatial resolution. By fitting the diffraction patterns with a pattern matching technique using dynamic theory, it is shown that strain in the device can be measured with high accuracy to quantify the effects of different filling materials in STI structures. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1687451͔ Strain, and the related stresses, in nanometer-sized structures is one of the major issues in semiconductor technologies. As the complexity of devices continues to increase with the push toward smaller feature sizes, strain that comes from the incorporation of a wide range of dissimilar materials and their geometries becomes increasingly important in device designs.
Strain, and the related stresses, in nanometer-sized structures is one of the major issues in semiconductor technologies. As the complexity of devices continues to increase with the push toward smaller feature sizes, strain that comes from the incorporation of a wide range of dissimilar materials and their geometries becomes increasingly important in device designs. 1 This demands experimental measurement of strain and stress in materials at nanometer resolution with high sensitivity. Existing strain measurement techniques include x-ray diffraction, micro-Raman spectroscopy, 2 electron imaging, 3 and convergent-beam electron diffraction ͑CBED͒. 4 -6 Both x-ray diffraction and Raman spectroscopy have spatial resolution on the orders of microns. X-ray diffraction measures the lattice parameter by Bragg diffraction with accuracy to 10 Ϫ4 . Dark-field electron imaging maps the variation of single lattice planes and can, in principle for specimens of constant thickness and composition, be sensitive to strain of 10 Ϫ3 at resolution of several nanometers. CBED measures the local lattice parameter by detecting the shift of high-order Laue zone ͑HOLZ͒ lines using a subnanometer-sized electron probe. HOLZ lines are formed by electron diffraction from lattice planes of large reciprocal lattice vectors in the upper Laue zones, which are very sensitive to a small lattice strain. This, combined with the very small electron probe, makes CBED a versatile technique for strain mapping in nanoscale devices.
This letter describes the application of a HOLZ pattern matching technique using dynamic electron diffraction. We examine the effect of two types of trench filling materials on strain in the shallow trench isolation ͑STI͒ structure. The STI is the first processing step in the fabrication of dynamic random access memory ͑DRAM͒ devices. It is believed that the degradation of data retention time of the cell originates from an anomalous junction leakage current, which is attributed to the presence of STI dislocations generated by mechanical stress and crystal defects. As the linewidth of STI becomes smaller, device failure due to stress is becoming more serious. The need for removing stress by materials processing is increasing; therefore, it is essential to obtain reliable information on local strain at the STI for further technological development. The polysilazane-based inorganic spin-onglass filling shallow trench isolation ͑P-SOG filling STI͒ has been previously found to reduce the leakage current compared to high density plasma ͑HDP͒ oxide filling, thus leading to significant improvement in data retention time in DRAM. 7 Using the CBED technique, it is shown that P-SOGS filling leads to a lower stress level and the accuracy of our pattern matching technique at 0.02% is sufficient to detect the subtle changes in the strain for device-related applications. Figure 1 illustrates the principle of the CBED technique. A small electron probe is formed by focusing electrons to a convergent beam. The convergence angle is defined by an aperture. The electron diffraction pattern appears as disks, each disk is associated with one reciprocal lattice vector. Beams satisfying the Bragg condition appear as a line inside the disk because of the small scattering angle of high-energy electrons. The deficient lines within the direct beam from HOLZ are very sensitive to local lattice parameters and can be used to measure local strain. 8 Previous CBED measurements of strain use the kinematical approximation to simulate HOLZ patterns. 4 -6 The strain is measured by matching simulated and experimental HOLZ lines based on the 2 procedure proposed by one of the authors ͑J.M.Z.͒. 4 In this procedure, the dynamic effect of electrons interacting strongly with matter is treated by a cona͒ Author to whom correspondence should be addressed. stant shift in the momentum dispersion surface of the incident electrons. However, this approximation is only valid in a sparse off zone axis orientation where the dispersion surface is relatively flat. This limits both the orientation that strain can be analyzed and introduces experimental uncertainties that require robust verification and calibration. A pattern matching method for lattice parameter measurement using CBED by optimizing the correlation between experimental and theoretical patterns is as follows:
Here the summation is over pixels in recorded pattern and pi (Iϭ1,...,n) are parameters used for simulation, which include the lattice parameters, sample thickness, incident beam electron directions, and diffraction pattern recording related parameters. Both experimental and theoretical diffraction patterns are processed by a line detection algorithm to enhance the geometric information that is sensitive to lattice parameters. Diffraction intensities, in general, are very sensitive to crystal potential. But diffraction geometry is well described by approximating atoms in crystals as spherical neutral atoms. We calculate the electron dynamic intensity of the direct beam using the Bloch wave method:
The pattern matching between experiment and theory was carried out using the general-purpose EXTAL program developed by one of the authors ͑J.M.Z.͒ for electron crystallographic refinements. 10 By including the dynamic and thickness effects in the simulation, the method is general, applicable to any orientations, and gives the absolute value in lattice parameter measurements. Figure 2 shows the STI structure and cross-sectional view taken from P-SOG filling STI. The cross-sectional transmission electron microscope ͑TEM͒ specimens were prepared by ion milling after mechanical dimpling and polishing. The plane normal direction is along ͓110͔. For strain measurements, we recorded CBED patterns from four positions, which are marked in Fig. 2 . CBED patterns were taken with a low electron dose and shorter exposure time to reduce radiation damage. We tilted the sample by 11.3°to the ͓230͔ zone axis orientation. Electron high voltage was calibrated using pure silicon ͑with aϭ5.4307 Å for cubic silicon͒. This is necessary because electron wavelength and lattice constants work the same way in HOLZ line shifts. The diffraction experiment was carried out using field-emission TEM Tecnai UT-30 in a nanoprobe mode at an acceleration voltage of 300 kV. The electron probe diameter is 2 nm, and the sample thickness used was about 200 nm.
To access the experimental accuracy of our technique, we first measured the substrate lattice constants by recording CBED at distance ϳ10 m away from the STI structure. Figure 3 shows the histogram of ten measurements. The accuracy shown in Fig. 3 is ϭ0 .02%. The accuracy required for device applications is about 0.1% judging from the previous measurements with HDP filling STI. Figure 4 shows an example of the type of fit we obtain between experiment and theory. The experiment pattern was recorded in a CCD camera, and energy filtering was not used. The number of beams included for the simulation were about ϳ60 to 70 reflections, which were selected based on the beam-selection criteria described in Ref. 11 . The experimental and theoretical patterns are processed by a line detection program. To save computation times, only selected areas of the experimental pattern are matched. The areas are selected based on their sensitivity to lattice parameters.
Local strain is described by the strain tensor, which has six components and requires the measurement of all six unitcell parameters. While a CBED pattern contains threedimensional structure information in principle, in practice, the choice of orientation decides the CBED sensitivity to a set of parameters, Amiligato et al. 6 found that a single CBED pattern can be fully fitted by three cell parameters. To measure the strain in the STI structure, we allowed only three parameters for fitting, under the assumption that the relaxed structure would be invariant along ͓110͔ direction, that is, a, b, and gamma are fixed as bulk values and alpha, beta, and c are allowed for relaxation. Table I shows the measured lattice parameters in P-SOG filling STI and HDP oxide filling STI. The results clearly show that P-SOG filling reduced the strain around the STI patterns ͑at points 2, 3, and 4, see Fig. 2͒ , especially around dense area. In all positions, off-diagonal parameters in strain tensor are more serious than on-diagonal (c-axis͒ parameter. Lattice constant change along the c axis is about or less than 0.1% where dynamic simulation is required for reliable results.
The spatial resolution of strain measurement depends on the probe size, electron propagation in crystals, and sample tilt. Electron propagation in strained crystals has been studied before. 12 Beam broadening due to electron diffraction is approximately 2t B , where B is the Bragg angle of strongest diffracted beam, which is ͑2-20͒ in our case. For a 200-nm-thick sample, we estimate the spatial resolution to be about 8 nm. The measured strain is then from a column of ϳ8 nm in diameter oriented along ͓230͔ zone axis.
In conclusion, we have demonstrated the accuracy of strain measurement by electron dynamic diffraction using the pattern matching technique. By taking account of the dynamic diffraction effect, the accuracy of the CBED technique for strain mapping is significantly improved and the sample orientation is not limited to a few sparse zone axes, which are required for techniques based on HOLZ line fitting using the kinematical approximation. The spatial resolution was improved by using electron nano-probe in a field emission TEM. The technique was applied to measure strain in STI device structures. It is shown that strain in the device can be measured at sufficient accuracy to quantify the effects of different filling materials in the STI structure.
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